U and Ta was confirmed by X-ray photoelectron spectroscopy and X-ray adsorption spectroscopy.
Introduction
Like other metal uranate systems, 1-7 UM 3 O 10 compounds are able to incorporate uranium in different oxidation states. Compared to U(IV) or U(VI), U(V) is far less well characterized in solids, [8] [9] [10] especially in oxides, [5] [6] [7] from both structural and thermodynamic perspectives. As the intermediate valence state
between the insoluble U(IV) and highly soluble U(VI), U(V) can play a transitional role kinetically and/or thermodynamically in mobilization or immobilization of U. 11 The U(V)-bearing compounds could also serve as precursors for forming many other uranium minerals. 12 Since tantalum is pentavalent, the uranium in UTa 3 O 10 has a nominal pentavalent oxidation state. Similar to MU(V)O 4 5,6,13 compounds, UTa 3 O 10 is of fundamentally interest in its chemistry and structure. Actinides such as U and Th can enter tantalate structure to form UTa 2 O 8 -like mineral 14 and other synthetic compounds. [15] [16] [17] [18] [19] [20] So in terms of uranium geochemistry or contamination remediation, study of how U(V) immobilizes in this crystalline tantalate system can be potentially useful for understanding similar phases formed in the environment. UV 3 O 10 21 contains shorter U-O bonds than those in U(V)Nb 3 O 10 , indicating it contains U(VI) and mixed oxidation states for vanadium. USb 3 O 10 has the same structure type 22 and is a catalyst for the oxidation of alkenes and aromatic hydrocarbons. [23] [24] [25] [26] [27] [28] [29] [30] [31] However, only a few actinide tantalate compounds have been reported. Reactions of actinide dioxides with tantalum(V) and niobium(V) oxide yielded tantalate and niobate powders. 32 The compound UTa 3 O 10 was first reported in 1965, 33 and two years later UV 3 O 10 , UNb 3 O 10 and UTa 3 O 10 were reported to be isostructural, crystallizing in orthorhombic space group Fddd (no. 70) with Z = 8. 34 For UNb 3 diffraction data followed a year later, 35 with the conclusion that the uranium in this compound is in the hexavalent oxidation state and that niobium assumes tetravalent and pentavalent oxidation states, as would be required for charge balance. In contrast, a later study concluded the oxidation states in UNb 3 O 10 are U(V) and Nb(V). 36 Here we examine the structure and thermodynamics of the uranium tantalate UTa 3 O 10 , which we have obtained as a pure phase. The local structure of U has been determined by analyzing extended X-ray adsorption fine structure (EXAFS) and is consistent with results from crystallographic data obtained in this study. The oxidation state of U has been determined by X-ray photoelectron spectroscopy (XPS) and X-ray adsorption near edge spectroscopy (XANES), and both measurements indicate the presence of pentavalent uranium in UTa 3 O 10 .
U(V) has been demonstrated to be quite stable in several solid compounds (e.g. MUO 4 , 5 Ca-U-Zr-Fe garnets 37 ), and these phases may be suitable for long term storage of uranium. Thus determining whether the thermodynamics of UTa 3 O 10 is analogously favorable is of interest. We have conducted high temperature oxide melt solution calorimetry to determine the enthalpies of formation of UTa 3 O 10 from oxides and elements. The thermodynamic behavior was compared to that of other U(V)-containing compounds and discussed from structural perspectives. For the spectroscopy and calorimetry described below, powdered samples were used. To confirm the sample purity, powder X-ray diffraction was carried out by grinding 5 mg of UTa 3 O 10 crystals into a fine powder with ethanol and depositing the paste onto a zero-background quartz slide. The diffraction pattern was collected from 16 to 83°in 2θ with a step size of 0.011°and a collection time of 2 s per step using a Bruker D8 Advance diffractometer equipped with Cu K α1 radiation and a solid state detector.
Experimental methods

Synthesis and structural analysis
X-ray photoelectron spectroscopy (XPS)
XPS was performed using a Kratos Axis DLD spectrometer equipped with a monochromatic X-ray source of Al K α source (15 mA, 14 keV). The instrument work function was calibrated to give a binding energy (BE) of 83.96 ± 0.05 eV for the Au 4f 7/2 line for metallic gold and the spectrometer dispersion was adjusted to give a BE of 932.62 ± 0.05 eV for the Cu 2p 3/2 line of metallic copper. High resolution analyses were carried out with an analysis area of 300 × 700 microns and a pass energy of 80 eV. The Kratos charge neutralizer system was used on all specimens. Spectra have been charge corrected to the main line of the carbon 1s spectrum (adventitious carbon) which was set to 285.0 eV. Spectra were analyzed using CasaXPS software (version 2.3.16 PR 1.6).
X-ray absorption spectroscopy
The oxidation state of uranium was determined by XANES spectroscopy at the GSECARS X-ray microprobe beamline (13-ID-E) at the Advanced Photon Source (APS), Argonne National Laboratory (Argonne, IL USA). XANES spectra were collected in transmission mode using a 200 mm long, helium filled ion chamber to monitor incident flux, I 0 (ADC IC-400-200) and a 50 mm long nitrogen filled ion chamber downstream of the sample to monitor transmitted flux, I 1 (ADC 500-50). XANES spectra were obtained by scanning a Si(111) monochromator through the U L III absorption edge (∼17 166 eV) and recording the total absorption. In the XANES region the energy step sizes were 2.5 eV from 17 066 to 17 146 eV and 0.25 eV from 17 146 to 17 191 eV. The EXAFS portion of the spectra was then collected to a distance of 15 Å −1 . Dwell time at each energy step was 1 s, and up to eight spectra were collected and summed to improve signal-to-noise ratios. Energy calibration was obtained using a Y metal foil (first derivative peak defined to be 17 037 eV). The samples were prepared as thin powder layers mounted between Scotch tape. The X-ray absorption spectroscopy data processing software Athena 38 was used for analysis, and software Artemis 38 was used for EXAFS fitting.
Calorimetry
A ∼5 mg pellet of UTa 3 O 10 was dropped from room temperature into molten sodium molybdate (3NaO·4MoO 3 ) solvent at 702°C in a custom built Tian-Calvet twin microcalorimeter. 39, 40 Oxygen gas was continuously bubbled through the melt at 5 ml min −1 to ensure an oxidizing environment and facilitate dissolution, and to stir the melt and prevent local saturation. 41 In addition, flowing oxygen gas at ∼50 ml min −1 was continuously flushed through the calorimeter glassware assembly to maintain a constant gas environment above the solvent and remove any evolved gases. 41 Upon rapid and complete dissolution of the sample, the enthalpy of drop solution, ΔH ds , was obtained. Dissolution of uranium oxides and some other uranium containing compounds have been demonstrated in this solvent, and their drop solution enthalpy data were obtained previously. 4 
Results and discussion
Crystal structure 
Determination of U and Ta oxidation states
The oxidation state assignment of U(V) in UTa 3 O 10 from crystal structure analysis was confirmed by spectroscopic studies. The oxidation states of U and Ta in UTa 3 O 10 were first determined by XPS. The obtained spectra are shown in Fig. 2 . CasaXPS software V2.3.16 was used to fit the U 4f 7/2 line after Shirley background subtraction. In the spectrum of U, the U 4f 7/2 line has one BE peak for U(V) at 380.7 eV, and two BE peaks for U(VI) at 381.9 and 383.2 eV. This is consistent with U spectrum in other U(V)-containing compounds. The quantitative analysis shows that the U(V)/U ratio of UTa 3 O 10 is 53.1% (Table 4) . However, because XPS is sensitive to the near surface (top ∼10 nm of a solid), this result may be due to surface oxidation and may not represent the bulk. The Ta spectrum provides additional support for this argument. In Fig. 2-b , Ta 4f 7/2 has a BE peak located at 26.0 eV, consistent with a high oxidation state of Ta(V). Thus, the combined XPS results suggest the existence of pentavalent U in the sample.
U L III XANES characterizes bulk oxidation state. However, the difference between absorption edge energy (E 0 ) of U(V) and that of U(VI) is subtle in XANES, on the order of 0.8-2.0 eV. 3, 5, [51] [52] [53] In this study, we compare the XANES spectrum of In addition, the fitting of U EXAFS gives bond distances between uranium and its first coordinated oxygen: 1.883 Å for U-O3, 2.521 Å for U-O1, and 2.555 Å for U-O4. The fitted U-O bond lengths in the first shell are in agreement with those obtained from single crystal structural analysis (Table 3) .
Thermodynamic analysis
The measured enthalpies of drop solution, ΔH ds , are listed in Table 5 . For a direct comparison of U(V) energetics to phases containing only U(IV) and U(VI), the enthalpy of formation, ΔH f,ox , of UTa 3 O 10 from its constituent binary oxides (γ-UO 3 , UO 2 , Ta 2 O 5 ) is 1.2 ± 18.1 kJ mol −1 , which was derived by combining the measured ΔH ds of UTa 3 O 10 with other known ΔH ds for the auxiliary oxides based on the thermochemical cycles in Table 5 . The derived standard enthalpy of formation of UTa 3 O 10 from the elements is −4285.4 ± 20.4 kJ mol −1 .
One can also calculate the enthalpy of formation of UTa 3 O 10 with respect to another U oxides assemblage (U 3 O 8 , β-U 3 O 7 ) which represents the equilibrium phases closed to O/U = 2.5,
The enthalpy of this reaction, 13.1 ± 18.1 kJ mol −1 , suggests the metastability of the uranium tantalate phase. U 3 O 8 is the thermodynamically stable uranium oxide phase under many natural conditions and the geological end product for many U minerals. 12 Thus long term stability of UTa 3 O 10 might be controlled by the reaction,
for which ΔH is calculated to be 38.5 ± 18.1 kJ mol −1 .
Although this reaction has a positive entropy change due to the release of oxygen gas, the large positive ΔH is unlikely to be compensated by the TΔS term, especially near ambient temperature. This result implies the likely instability of UTa 3 O 10 in nature and that it tends to decompose to its binary oxides. Like UNb 3 O 10 , UV 3 O 10 , and USb 3 O 10 , the structure of UTa 3 O 10 has U in a hexagonal bipyramid coordinated environment, featuring two U(V)-O bonds that are shorter than the remaining equatorial U-O bonds. As a result, compared to the Ta2-O3 bond, these short apical U-O3 bonds have more electron charges distributed on the "yl" oxygen ion and are expected to display more covalent character. This feature has also been found in other MUO 4 with M as the metal with weak Lewis acidity that further increases the basicity of this "yl" oxygen-neighboring metal cation. 5 That study also reported a positive correlation between the covalency and the energetic stability which suggests the covalency of the "uranyl" U-O bond can be a stabilizing factor for the structure. 5 Therefore, U(V), though less stable than U(VI), may be stabilized in the UM 3 O 10 structure by the presence of covalent U(V)-O bonds. This may also explain why U in UV 3 O 10 is in mixed valence states because V 5+ is more acidic than Ta 5+ , and also is a relatively stronger Lewis acid that competes with U(V) for electron density and decreases its basicity. Thus, its acid-base chemistry may not yield a stable phase for U(V); while in fact a mixed states of U was found as a stable form in UV 3 O 10 .
On the other hand, the covalent U-O bond extends the Ta2-O3 bond to 2.27 Å and distorts the Ta2 octahedra with displacement of Ta out of the equatorial plane. Strain energy is likely to be stored in these Ta-O bonds that are not at the strain-free distances. This is plausible; for instance, a similar phenomenon was confirmed in Fe-O bond lengths in another system (e.g. Ce 4+ :YIG 54 ) by DFT. In other words, the relaxation of these much shorter and longer Ta-O bonds to their strainfree status would release energy. Another destabilizing factor may come from the edge sharing of the U hexagonal bipyramid with Ta2 octahedra. The six edges formed by equatorial oxygens are all shared by Ta2 octahedra that, according to Pauling's rule, decreases the stability of the structure. Therefore, the competition between the stabilizing and destabilizing factors may explain why UTa 3 (5) and (6). measurements on other UM 3 O 10 compounds are needed to explore this possible relation.
